Complexation of U (VI) with N,N,N', and N,Ndimethyl-3-oxa-glutaramic acid (DMOGA) was studied in comparison with their dicarboxylate analog, oxydiacetic acid (ODA). Thermodynamic parameters, including stability constants, enthalpy and entropy of complexation, were determined by spectrophotometry, potentiometry and calorimetry. Single-crystal X-ray diffractometry, EXAFS spectroscopy, FT-IR absorption and laser-induced luminescence spectroscopy were used to obtain structural information on the U(VI) complexes. 
Introduction
Alkyl-substituted amides have been studied as extractants for actinide separation because of their potential to make the separation processes more efficient and environmentally-benign. The products of radiolytic and hydrolytic degradation of amides are less detrimental to the separation processes than those of organophosphorus compounds traditionally used in actinide separations (e.g., tributylphosphate). Stripping of actinides from the amide-containing organic solvents is relatively easy. In addition, the amide ligands consist of only C, H, O and N so that they are completely incinerable. As a result, in contrast to the large amounts of liquid and/or solid radioactive wastes generated in traditional organophosphorus-based separation processes, the amount of solid radioactive wastes generated in the amide-based processes could be significantly reduced.
Studies of actinide separation by solvent extraction have recently been conducted with a group of alkyl-substituted oxa-diamides, including tetraoctyl-3-oxa-glutaramide, 1-2 tetraisobutyloxa-glutaramide 3 and N,N'-dimethyl-N,N'-dihexyl-3-oxaglutaramide. 4 These ligands form chelate complexes with actinides that can be effectively extracted from nitric acid solutions into organic solvents [1] [2] [3] [4] [5] [6] [7] [8] [9] Distribution ratios of actinides under different conditions have been determined in these studies, but the underlying thermodynamic principles governing the complexation of 3 actinides with oxa-diamides remain unrevealed. Besides, few structural data on these complexes are available. Therefore, we have started systematic studies of three structurally-related ligands,
including N,N,N',N'-tetramethyl-3-oxa-glutaramide (TMOGA), N,N-dimethyl-3-oxa-glutaramic
acid (DMOGA) and their dicarboxylate analog -oxydiacetic acid (ODA). 10, 11 Thermodynamic parameters (stability constants, enthalpy and entropy of complexation) and structural data (crystal structure, coordination modes and vibration frequency) were obtained to establish a structureproperty relationship. The three ligands were selected for this study due to the following reasons:
(1) TMOGA is the smallest homologue of tetraalkyl-oxa-glutaramides used as extractants in solvent extraction and is sufficiently soluble in aqueous solutions, so that multiple thermodynamic techniques (potentiometry, spectrophotometry and calorimetry) can be readily applied to this study. (2) DMOGA is the smallest homologue of dialkyl-oxa-glutaramic acids, a major group of hydrolysis and radiolysis products of tetraalkyl-oxa-glutaramides that also form complexes with actinides and affect the separation of actinides. 12 (3) ODA is the dicarboxylate analog of TMOGA and DMOGA, and some thermodynamic and structural data in the literature on the complexes of U(VI) with ODA are available for comparison. As shown in Figure 1 , there is a systematic change in structure from TMOGA to DMOGA and ODA, where the amide groups of TMOGA are replaced by one (in DMOGA) and two (in ODA) carboxylate groups. Therefore, the thermodynamic trends obtained for the U(VI) complexes with this series of ligands could provide insight into the energetics and driving force of the complexation (e.g., enthalpy, entropy or both) and help to design effective extractants for actinide separation from nuclear wastes.
In this paper, L I , L II and L III are used to denote the neutral TMOGA, deprotonated DMOGA (-1 charge) and deprotonated ODA (-2 charge) ligands, respectively. 
Experimental Section

Chemicals
Melting point: 80-82°C. All other chemicals were reagent grade or higher.
Milli-Q water was used in the preparation of all solutions. The stock solution of uranyl perchlorate was prepared by dissolving uranium trioxide (UO 3 ) in perchloric acid (SigmaAldrich, Inc.). The concentration of uranium in the stock solution was determined by absorption 5 spectrophotometry and fluorimetry. 13 The concentration of perchloric acid in the stock solution was determined by Gran's potentiometric method. 14 were performed using the SHELXTL crystallographic software package of the Brüker Analytical X-ray System. 19 Details of the crystallographic data are provided in Table 1 . Limiting indices Goodness-of-fit on F Energy calibrations were based on assigning the first inflection point of absorption edge for uranium dioxide to 17166 eV. The EXAFS data were analyzed with the program WinXAS, 20 using parameterized phase and amplitude functions generated by FEFF8. 21 Single scattering interactions of U=O axial (axial oxygen) and U-O eq (equatorial oxygen) were included. for low temperature measurements. The luminescence was dispersed by a monochromator mounted with a cooled photomultiplier and recorded through a lock-in amplifier. (Table 2 ) and molar absorptivity (Figure 2 ) of the complexes were calculated. ligands is entropy driven. Consequently, TMOGA and DMOGA are weaker ligands in aqueous solutions than ODA due to a less favorable entropy effect. Table 4 . It is interesting to notice that the proposed structure of the 1:2 U(VI)/L II complex in solution is different from that in the crystal in terms of the arrangement of the two L II ligands in the equatorial coordination plane. The proposed structure in solution contains the two L II ligands in a "staggered" manner, i.e., the two carboxylate groups (or the two amide groups) are "diagonal" to each other in the equatorial coordination plane. In contrast, the two carboxylate groups (or the two amide groups) in the UO 2 (L II ) 2 (H 2 O)(NaClO 4 ) 2 are actually "head-on" to each other ( Figure   4b ). The "head-on" arrangement in the solids is stable due to the interactions with adjacent sodium ions in the crystal lattice (not shown in Figure 4b ), but may not be the most probable structure in solution because the constraints set by the strong interactions in the crystal lattice are absent in solution. Instead, surrounded by water molecules, the "staggered" arrangement is likely to be the structure with the lowest energy, though the EXAFS data provide only the information on radial distribution and do not suffice such proposal. Selected stretching frequencies of these bonds in the free ligands and the complexes are summarized in Table 5 . In general, for all three ligands, the stretching frequencies of the C=O and C-O-C bonds are red-shifted, indicating the weakening of these bonds due to the complexation with UO 2 2+ . The magnitude of the red-shift, ∆ν in cm -1 , should be a good measure of the complexation strength of the complexes. As the data in Table 5 show, the values of ∆ν for the C=O and C-O-C bonds all follow the order:
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. This is consistent with the thermodynamic trend in the stability of the complexes shown in (Table 6) , consistent with the thermodynamic trend in the stability of the complexes. 26, 27 In this work, the symmetric O=U=O stretching frequencies were obtained by laser-induced luminescence spectroscopy. The emission spectra for the three complexes are shown in Figure 7 .
The charge transfer vibronic transitions of U(VI) consist of multi-phonon progressions caused by the O=U=O symmetric stretch mode. 28, 29 to the ground state configuration and the order of ν symm is consistent with the thermodynamic trend in the stability of the complexes (Table 2) , as well as the trend in the O=U=O bond length (Table 6 ). Measurements of the asymmetric stretching frequencies of the O=U=O bond in all three complexes were achieved by FT-IR ( Figure 6 ). Data in Table 6 with the symmetric stretching mode of uranyl in the three complexes. As shown by the energy diagram in Figure 8 for the free uranyl cation (UO 2 2+ ), the value of ∆E corresponds to the gap between the HOMO (the 3σ u orbitals mainly from oxygen) and LUMO (the δ u and φ u orbitals from uranium). 30, 31 In complexes, the energy levels of uranyl vary as a function of ligand coordination via the equatorial plane. In most cases, the energy level of the LUMO is reduced, and so is the energy gap for the charge transfer transition. The stronger the ligand is, the smaller the gap could become. The values of ∆E from this work suggest that, among the three ligands under study, L III (ODA) is the strongest and L I (TMOGA) is the weakest, in agreement with the thermodynamic trend as well as all other structural and spectroscopic data from this work. Though the oxa-diamides appear to be weaker ligands than their carboxylate analogs in aqueous solutions, they could still be highly effective extractants in solvent extraction because the great ease of attaching alkyl (or aryl) groups to the amide group(s) makes them readily soluble in many organic solvents. Besides, structural information on the U(VI)/TMOGA and U(VI)/DMOGA complexes suggest that the binding strength of oxa-diamides with actinides could be improved by increasing the entropy of complexation through rational design of ligands.
For example, a ligand can be made by connecting two TMOGA molecules with proper alkyl "backbone" so that all the six oxygen atoms are in the optimal positions to coordinate UO 2 2+ and other dioxo actinyl cations (e.g., NpO 2 + , NpO 2 2+ and PuO 2 2+ ). The 1:1 complex of actinyl cations with such hexa-dentate oxa-amides (ML) should be much stronger than the 1:2 complex with the tridentate oxa-amides (ML 2 ) because of a larger entropy effect, as well as lower pre-organization energy for the hexa-dentate ligands. 
